Spin Hall effect (SHE) has emerged as a promising contender for the realization of high-density and low-power, next-generation memory. However, most materials explored so far have demonstrated either a spin Hall efficiency or a longitudnal conductivity that is too low for real-world applications. Here, we report the discovery of giant spin Hall efficiencies in 5d -transition metal oxides (TMOs) that are at least an order of magnitude larger than those reported for any TMOs, and greater than those observed for all other measured materials, except for the topological insulators Bi x Se 1-x and Bi 1-x Sb x . Inspired by the vast tunability of properties possible for TMOs, we also present five general rational design principles for the generation of giant SHE in TMOs. Our findings bring new insight into the physics driving SHE in TMOs, including the vital role played by crystal field, as well as the nuanced role of electron correlation. We report on the potential of anti-perovskites for generating giant SHE and facilitating the exploration of multifunctional spin Hall devices. * priyamvada@utexas.edu 1 arXiv:1909.07544v1 [cond-mat.mtrl-sci]
I. INTRODUCTION
Our society's fast growing demand for data storage has created an urgent need for highdensity, low-power and high-speed memory technology [1] . The most promising device to realize emergent memory technology is the magnetoresistive random access memory (MRAM) [2] , owing to its non-volatility, quick random access and low degradation [3] [4] [5] . Control of the magnetic bit in an MRAM via spin torque, which is applied by spin currents, instead of control via magnetic fields, is a more energy-efficient design [6] [7] [8] . The emerging area of spin orbitronics [9] utilizes spin orbit coupling (SOC) to efficiently generate spin currents via the spin Hall effect (SHE) [10] [11] [12] [13] [14] [15] , the Rashba-Edelstein effect [16] [17] [18] , or the spin-momentum locking in topological insulators [19] [20] [21] 32] .
While spin orbitronics based emergent memory devices demonstrate significant technological promise, real-world applications still face considerable challenge. In order for an emergent spin orbitronics device to be more energy-efficient than a commercial spin transfer torque device, where spin currents are generated via spin orbit coupling (SOC) in the former and via ferromagnets in the latter, the spin Hall angle (Θ SH ) should be greater than 1 [22] . Spin Hall angle (Θ SH ) is the ratio of the spin current to the charge current flowing, and it captures the efficiency of conversion of charge current to spin current. Recent years have seen a flurry of research aimed at discovering materials with ever increasing values of Θ SH , ranging from heavy metals, topological insulators to transition metal oxides. The largest values of Θ SH reported for heavy metals were for Pt (Θ SH ∼ 0.07) [25] [26] [27] [28] , β−W (Θ SH ∼ 0.3) [29] and β−Ta (Θ SH ∼ 0.14) [30] , while lanthanides like Dy have demonstrated a Θ SH ∼ 0.1 [31] . Subsequently, giant Θ SH was observed in topological insulators such as Bi 2 Se 3 (Θ SH ∼ 3) [32] and Bi x Se 1-x (Θ SH = 18.8) [23] . Recently, colossal SHE (Θ SH ∼ 52) has been theoretically predicted [33] and experimentally observed [22] for the topological insulator Bi 1-x Sb x . However, these topological insulators, with the exception of Bi 1-x Sb x , are limited in their applicability due to their low longitudnal conductivity [22] . Of late, the search for giant SHE has turned to transition metal oxides. Large values of Θ SH have been reported for SrIrO 3 with Θ SH ∼ 0.5 [34] , and for SrRuO 3 with Θ SH ∼ 0.24 [35] , while a low-moderate value of Θ SH ∼ 0.04 has been observed for IrO 2 [24] .
In this paper we report the discovery of giant spin Hall angles (Θ SH ∼ −2.5 to 7.4) in 5d -transition metal oxides (5d -TMOs) that are at least an order of magnitude larger than those reported for any transition metal oxides (TMOs) so far. Additionally, the Θ SH values seen by us in oxides are greater than those observed for all other measured materials except for the topological insulators Bi x Se 1-x and Bi 1-x Sb x . The estimated longitudnal conductivities for our best materials are ≥ 5×10 2 S/cm, making them suitable for applications in emergent memory technology [22] . In addition to demonstrating giant spin Hall effect (SHE), TMOs are a unique class of materials as their multiple degrees of freedom, namely, charge, spin, orbital, and lattice, are intertwined with one another [36] . TMOs thus present us with a vast tunable space where we can design materials with structures and chemistry precisely tailored to our technological needs [34, 37] . It is likely that the giant SHE values reported by us in TMOs can be further enhanced by careful engineering. Our work thus opens new possibilities for the development of efficient memory devices that operate on low-power.
Motivated by the inherent tunability of the structure and properties of TMOs, we demonstrate the origin of large SHE in TMOs and deduce five general rational design principles for generating giant SHE in TMOs. These are (C1 ) weak crystal fields, (C2 result of this importance of crystal field is that TMOs with an anti-perovskite structure show promise towards giant SHE, owing to their weak crystal field (C1 ). The same condition (C1 ) in reverse hinders the SHE in TMOs with a perovskite or pyrochlore type structure, due to the typically large crystal field found in these materials. This finding on perovskites and pyrochlores is surprising given the wide interest in literature on the strong effects of SOC in these materials [38] [39] [40] [41] [42] [43] [44] . Another surprising finding reported here is the subtle relationship between electron correlation and spin Hall conductivity (SHC). In contrast to the expectation that moderate electron correlations generally enhance SOC by localizing electrons [45] and should therefore enhance spin Hall conductivity (SHC), we report that the effect of correlations on SHC is more nuanced and depends on band structure details. We also enumerate large values of spin Hall angle, Θ SH ≥ 0.2, for a significant number of materials. Finally, our findings open multiple pathways for future research in multifunctional materials. TMOs in general, including anti-perovskites, have shown a variety of interesting properties such as magnetism [48, 49] , frustrated magnetism [50] , ferroelectrics [47] and spin glass state [51] . The promise of giant SHE in anti-perovskites presents an opportunity to merge this SHE with other functional properties of anti-perovskites (or other TMOs) to yield multifunctional devices. Multifunctionality might be possible via elemental substitution or interfacial stacking of thin films. If realized, such work would further the study of interesting physics and could be a major step forward in the development of emergent, ultra-low power memory devices.
II. RESULTS

A. General origin of the spin Hall effect
We now derive the general factors that control the value of spin Hall effect, specifically, the type of spin Hall effect that arises from the intrinsic bandstructure of a material, called the intrinsic spin Hall effect [59, 60] . We start with the expression for spin Hall conductivity 
In the above, suppressing the index k:
These equations demonstrate that the spin Berry curvature originates from the product of the spin operator (ŝ s ) and the anomalous velocity operators (v α ,v β ). We assume that the spin conserving part of the SOC operator (λl zŝz ) makes the dominant contribution to the SHC, as compared to the spin mixing part. We include our justification for this assumption in supplementary material and show that this assumption is often, though not always, valid.
Substituting 4 into 3, we obtain:
In the spin basis, we can write the time reversed pair of eigenstates |n k and |n − k as:
According to our assumption, we neglect any contribution to SHC from the spin mixing parts of SOC. The expression for Ω n,s αβ can thus be simplified to include only the anomalous velocity terms that arise from the spin conserving part of the Hamiltonian,
. Ifv α andv β cannot mix spin, neither can s s . Thus the non-zero terms in 6 are:
Substituting α with β, n with m and l with n, we write the complete expression for the spin Berry curvature for the eigenstate |n k , i.e., Ω n k ,s αβ as:
Similarly, we write the spin Berry curvature for the time reversal partner of |n k , which is
as:
The total SHC of the material would involve adding the spin Berry curvature contributions from both the time reversal partners. Comparing 10 and 11 and using Im(A * B * C * ) = 
B. Rational design principles for large SHE in TMOs
In the section above we have derived three basic rules that govern the value of SHC in d orbital materials. From these we will now deduce the rational design principles for large SHC in TMOs. The band structure of a transition metal oxide is generally explained with the help of crystal field theory (CFT) [62, 63] . Crystal field theory considers a transition metal atom with its detailed electronic structure in an environment of ligands that are considered structure-less. The primary effect of the ligands is to alter the electronic structure of the transition metal due to repulsion between the transition metal electrons and the electronegative ligand ions. The repulsive ligand field, and consequently the electronic structure, is determined by the geometry of the ligands surrounding the transition metal. For instance, in most TMOs considered here, the transition metal is surrounded by six oxygen atoms that form an octahedra, resulting in what is called an octahedral crystal field (see Fig. 1 ).
For an octahedral crystal field, amongst the 5d orbitals of the transition metal, d of an octahedral crystal field on the electronic structure is to split the otherwise degenerate 5d -bands of the transition metal into a lower energy three-fold degenerate t 2g and an higher energy two-fold degenerate e g (see Fig. 1 ). In contrast, a cubic crystal field comprises of a transition metal surrounded by eight ligand ions arranged at the corners of a cube. This cubic field splits the transition metal 5d -bands into an inverse, lower energy e g and a higher energy t 2g manifold.
Putting together CFT with the general rules (R) controlling the value of SHC that we had derived before, we will now deduce our five rational design principles to obtain large SHE. In general, Berry curvature results from a rotation of a degree of freedom (DOF) of the electronic wavefunction with a periodic variation of some parameter [61] . For SHE, which derives from spin Berry curvature, the degree of freedom is the orbital angular momentum (l ) and the parameter is the wavevector ( k). are non-zero and add constructively to one another. From rule R1, for these two SHE contributions to be non-zero, we would require the d xz & d yz bands, as well as, the d xy and d x 2 −y 2 bands to cross one another or be close enough in energy to enable SOC to mix them.
The splitting of two d bands by crystal field into separate manifolds will hamper the mixing of those two bands. As such, the first principle to obtain large values of SHE (C1 ) is that the crystal field should be weak. For instance, in a weak octahedral or cubic crystal field, the e g and t 2g manifolds overlap allowing band crossings between the d xy and d x 2 −y 2 orbitals.
In materials with strong crystal fields, mixing between otherwise separate manifolds can be enhanced if structural distortions are present. Structural distortions of octahedral crystal fields, such as octahedral rotation and tilting, have been shown to break up the e g and t 2g
manifolds into further sub-bands for SrIrO 3 [44] . This splitting up of a manifold increases the total bandwidth of that manifold, which encourages overlaps or transitions between separate manifolds. We would thus expect the presence of structural distortions to mitigate the dampening effect of a strong crystal field on SHE, and generate large SHE values. We call this condition of structural distortions, condition 2 (C2 ). The enhancement of SHE via distortions has been experimentally reported for SrIrO 3 [34] . Although, we have derived conditions 1 and 2 (C1 & C2 ) specifically for octahedral crystal fields, they are general conditions extending beyond octahedral or even cubic crystal fields. This is because, in general, the weaker the crystal field, and the greater the structural distortions, the greater the possibility of mixing between various d -orbitals. Condition 3 (C3 ) is the same as the general rule 2 (R2 ), i.e., the optimal positioning of the Fermi level.
To deduce condition 4 (C4 ), we only focus on the t 2g manifold of octahedral and cubic crystal fields, and the transitions therein between the d xz and d yz orbitals. The impact of SOC is known to split the t 2g manifold into a lower energy J eff = 3/2 and a higher energy J eff = 1/2 sub-manifold [64] . The electron wavefunctions for the states in these J eff = 3/2 & 1/2 sub-manifolds can be written as:
where | ↑ &| ↓ are spin up and spin down states, respectively. In octahedral and cubic crystal fields, before the action of SOC, if the d xz and d yz orbitals are exactly degenerate, the electron wavefunctions will have exactly symmetric contributions from these two orbitals.
Once SOC is turned on, in the absence of any mixing between the J eff = 3/2 & 1/2 states, the spin orbit coupled wavefunctions, given by eqs. 12, 13, will also have exactly symmetric Finally, condition 5 (C5 ) is that the presence of moderate electron correlation can enhance SHE by localizing electrons, as has been discussed in literature [45] . However, later we show that this effect is nuanced and depends on band structure details.
To summarize the five general rational design principles for large SHE are:
C1 . Weak crystal fields.
C2 . Structural distortions.
C3 . Optimal positioning of the Fermi level. C5 . Moderate electron correlations.
In the remaining sections, we report our findings on SHE in various 5d -TMOs and explain them on the basis of these five rational design principles.
C. The effect of weak crystal field (C1 )
We first report the finding of giant SHE in BCC-Pt 3 O 4 . Pt 3 O 4 has two possible proposed crystal structures [65] , body centered cubic (BCC) [66] and simple cubic (SC) [67] . BCC- Here we would like to note that while technically Yb 3 PbO is a rare-earth oxide and not a TMO, a Fermi level which is 0.6 eV above the nominal Fermi level of Yb 3 PbO passes through the empty 5d bands of Yb, which brings our design principles into effect. As mentioned before, the optimal positioning of the Fermi level in anti-perovskites for giant SHE, can be achieved by substituting Yb atoms with the 5d-transition metal atoms Hf and Ta, such that the Fermi level passes through the 5d bands. We also note that there exist many known 5d-transition metal anti-perovskite compounds (beyond oxides) such as Pt 3 REB (RE: Rare Earth) [54] , Pt 3 AP (A = Sr, Ca, La) [57] , while many more are theoretically predicted to be stable [58] and remain to be synthesized. Our preliminary calculations on these transition metal anti-perovskites show that giant spin Hall values can be obtained in anti-perovskites by careful engineering of the materials' chemical composition. We will report these results in detail in future work.
D. The role of structural distortions (C2 )
We now examine cubic perovskites where the transition metal atom is under a typically strong, octahedral crystal field. BaOsO 3 [68, 69] and SrOsO 3 [69] are both perovskite osmates with different sizes of the A site cation. As a result, BaOsO 3 adopts a perfect perovskite structure free from distortions, and demonstrates a low SHC, on account of its strong crystal field violating condition 1 (C1 ). In contrast, SrOsO 3 demonstrates large octahedral distortions, satisfying condition 2 (C2 ), which leads to a larger SHC for SrOsO 3 . To account for correlation effects in BaOsO 3 and SrOsO 3 , we use an LDA+U scheme with U = 2 eV which is taken from [69] . Like SrOsO 3 , SrIrO 3 [44] also demonstrates significant distortions of the O6 octahedra, which satisfies condition C2, imparting a larger SHC to SrIrO 3 than BaOsO 3 . The enhancement of SHC by structural distortions has been experimentally shown for SrIrO 3 [34] . The values of SHC and Θ SH for these materials are calculated along the pseudo-cubic axes and are enumerated in Table II . An analysis of SHE in the rutile binary oxides OsO 2 and IrO 2 is included in the supplementary.
BaOsO 3 is a distortion-free cubic perovskite, with a metallic conductivity [68, 69] , and an octahedral crystal field that splits the 5d -bands into a lower t 2g and an upper e g manifold, with the Fermi level lying inside the former. The strong crystal field precludes any e g − t 2g
overlap, violating condition C1, as is evident from Fig. 3A :b and resulting in a small SHC (see Table II ).
SrOsO 3 [69] and SrIrO 3 [44] are orthorhombic perovskites with a strong octahedral crystal field (C1 ), as well as the presence of structural distortions (C2 ). If acting alone, a strong crystal field violates condition C1, leading to a low SHC, as seen in BaOsO 3 . However, structural distortions satisfy condition C2 and mitigate the effect of crystal field, resulting in a larger SHC for SrOsO 3 and SrIrO 3 (see Table II ). The mechanism by which structural distortions enhance SHE is evident from a comparision of the projected bandstructures for folds. This mechanism underpins condition C2. Although it has been shown for SrIrO 3 [44] that distortions also enhance the mixing of J eff = 1/2, 3/2 states, whether this mixing contributes to SHE is difficult to ascertain, as distortions simultaneously break the degeneracy between d xz and d yz orbitals. Therefore, we are unsure if condition C4 applies.
The busy plots of band structure and spin Berry curvature for SrOsO 3 (see Fig. 3B :
b-f) and SrIrO 3 (see Fig. 3C : b-f) make it difficult to isolate the exact regions of spin Hall generation. However, a broad inspection reveals multiple degeneracy splittings by the action of SOC. Inspection of projected band structures without SOC at the Fermi level reveals the presence of e g -t 2g overlap that is greater than that seen in BaOsO 3 . The e g -t 2g manifold overlap is greater for SrIrO 3 than SrOsO 3 owing to the increased band filling of the former.
This overlap likely explains the order of SHC values seen which are largest for In this section, we focus on the relationship between electron correlations and spin Hall effect captured in condition 5 (C5 ). It is generally expected that moderate electron correlations enhance SOC by localizing electrons [45] , and should therefore enhance SHE as well. However, here we find that the effect of correlations on SHE is more nuanced and depends on band structure details (C5 ). While it is largely true that an increase in electron correlations increases the spin Berry curvature, the net effect of this enhancement on SHE can be complicated, due to the presence of competing spin Berry curvature hot spots, as well as local changes in band occupation caused by electron correlations.
Pyrochlore iridates, in particular rare-earth (RE) pyrochlore iridates, have generated keen interest for their interesting properties resulting from the interaction of moderate correlation and SOC [75] . These properties include the anomalous hall effect [76] , spin-liquid state [77] , Weyl semimetal [78, 79] we predict a SHC of −122 to − 512 /2e S/cm.
The complicated behaviour of SHC with correlations (U) observed in Tb 2 Ir 2 O 7 , arises due to competing spin Berry curvature hot spots and changes in local band occupation caused by U. At the Fermi level, there exist two degeneracy points in the band structure of Tb 2 Ir 2 O 7 (see Fig. 4B : f), the first between L and Γ and the second between Γ and X. Turning on SOC breaks these degeneracies, opening up a gap and generating two spin Berry curvature hot spots (see Fig. 4B : a-e). These two hot spots give two separate contributions to the overall SHC. For σ z xy and σ x yz the two contributions to each usually oppose one another, with the first, L − Γ hot spot contribution being larger than the second, Γ − X hot spot contribution. With increase in U, the first contribution generally increases and the second contribution initially increases then decreases (see Fig. 4B: a-e) . Thus, we see σ 
III. METHODS
We performed calculations using QUANTUM ESPRESSO [80] , WANNIER90 [81] and our in-house code which calculates spin Hall conductivity from the output of the former two codes. Previously, we have successfully used this method for the prediction of spin Hall conductivity in lanthanides [31] . Density functional theory calculations were carried out using QUANTUM ESPRESSO in order to obtain the electronic ground states for our TMOs.
Convergence of total energy was ensured for every material, which required a plane-wave [72] . Structural optimization was subsequently performed to find the lowest energy structure.
We utilized norm-conserving, fully relativistic pseudopotentials in the local density approximation (LDA) [82, 83] . These pseudopotentials were constructed using the atomic pseudopotential engine [87] and were benchmarked against the fully relativistic all-electron potential. For an accurate estimation of SHC while using a k-mesh density small enough to be computationally viable, we mapped our DFT ground-state wave functions onto a maximally localized Wannier function basis using WANNIER90. Following this change of basis,
we employed an adaptive k-mesh strategy inspired by [88] 
, we can show that these two terms will be equal and always add constructively.
In contrast, for the spin mixing part of SOC (λ(l +ŝ− +l −ŝ+ )), the anomalous velocity terms for spin up (v − α ) and spin down (v + α ) are not always exactly equal and opposite. Therefore, depending on the orbital character of the states, the contribution to SHC originating in these terms can interact constructively or destructively. When the contributions from these spinmixing terms interact destructively, it is the spin conserving part of SOC that gives the dominating term to SHC. Even when the spin mixing terms interact constructively, the spin conserving contribution can still be important. Acting alone, an octahedral crystal field is expected to split the 5d bands into a lower energy t 2g , and a higher energy e g manifold. The orthorhombic distortion breaks the degen- c). To analyze the mechanism by which SHE is generated in these rutile oxides, we examine the projected bandstructures around the spin Berry curvature hot spot, as displayed in Recently, a study of SHE in IrO 2 [95] has found Dirac nodal lines (DNLs) [100, 101] to contribute towards SHE. For IrO 2 , a Dirac nodal line (DNL) is shown to occur in the segment of the band that extends in the M − X region at E F . Our findings of a spin Berry curvature hot spot in the M − X region corroborates the results of [95] . It is interesting to note that DNLs have a direct relationship with SHC, as shown by the authors of [95] .
B. Spin Hall effect in rutile binary oxides
Dirac nodal lines consist of a line of nodes, where each node is a topological singularity, such that an integral of the Berry curvature over a loop containing a Dirac node is equal to π [100, 101] . At points of crossing between bands of differing orbital character, SOC can mix these bands and create spin Berry curvature hot spots that are also Dirac nodes. In such cases, DNLs are essentially a series of spin Berry curvature hot spots that contribute to SHE, as shown for IrO 2 [95] . An interesting consequence of this relationship is that our rational design principles for large SHE can also be applied to encourage the formation of Dirac nodal lines in TMOs.
C. Spin Hall effect in other 5d TMOs
We also list our predictions for SHE in other TMOs in 
